Introduction
Electrical injuries, depending on a wide range of factors, are very heterogeneous, ranging from benign small skin burns to extensive injuries of internal organs, which could be life-threatening. 1, 2 Although clinical situations involving electrical mishaps are not uncommon, physicians are often uncomfortable dealing with these cases due to the absence of systematic evidence-based recommendations on this phenomenon. A better understanding of electrical injuries may be also particularly helpful to eventually prevent a large majority of accidents, essentially through public educational sessions, but improvement in physicians' awareness is also essential to improve optimal management of this common but relatively unfamiliar situation.
This review attempts to synthesize existing information on this important but relatively neglected scenario and summarizes the main types of electrical injuries and their respective pathophysiology. Specifically, effects on the heart are outlined and practical issues relating to management in both the seriously injured as well as the apparently healthy patient are discussed.
Pathophysiology
Electricity is the flow of electrons through a potential gradient between two physical points, such as the two terminals of a battery, from high to low concentration, and is measured in Amperes (I). This potential difference, expressed in voltage (V), represents the force driving the electrons. Anything that impedes the flow of electrons through a conductor creates resistance, which is measured in ohms (R). 3 The Ohm's law [I = V/R] expresses the relationship among those factors, while Joule's law [W (Joules) = R Â I 2 Â T] provides the thermal energy produced as a result of the relative current flow. Electric shock is the set of pathophysiological events resulting from the action of an electric current on the human body. Lightning is the most extreme form, whereas the term 'electrocution' is used in the setting of electrical injuries that result in death. Electrical injuries involve both direct and indirect mechanisms. The direct damages are caused by contact with electrical energy or electricity arc (an arc is a flow of electrons through a gas, such as air) to a victim at ground potential (supplying an alternative path to ground). It results from both the direct effects of current on cell membranes, cellular depolarization and electroporation (defined as the creation of pores in cell membranes), 4 as well as from the conversion of electric energy into heat energy as current passes through body tissues. Indirect injuries may be linked to secondary mechanical trauma due to falls; or burns due to flash from the heat generated by an electrical arc or flame from the ignition of clothing or other combustible materials.
Factors that determine the nature and severity of electrical trauma include voltage, resistance to current flow, type of current (direct or alternating), duration of contact with the current source, current path through the body, and finally the magnitude of energy delivered. Alternating current is considered more dangerous as it causes tetanic muscle contraction with the resultant risk that the victim may be unable to release the electrical energy source. The current flow generally tends to occur from the entry point in contact with the electrical source to the exit point, which most of the time is in contact with the ground (where small skin surface burns are frequently seen), through tissues of least resistance such as neurovascular axes (Figures 1 and 2) . The effects of increasing current intensities on the body are shown in Table 1 . It is traditionally said that it is the intensity of the current (I) that kills and the amount of energy (W) that burns. First, it is often thought that the magnitude of electrical hazard is proportional to voltage, but in fact it depends on the intensity (I in Amperes), which is linked both to voltage and resistance. Thus, even a low voltage shock can be fatal, in case of decreased resistance, with ventricular fibrillation threshold of 50-100 mA for example (Table 1) . Secondly, while even very short contact can trigger a cardiac arrest, burn lesion severity on the other hand is determined by the Joule's law, where the duration of exposure plays an important role.
However, voltage is often the only variable known with certainty after exposure to electricity and so is the most used marker for categorizing electrical shocks (low-voltage electrical shocks are less than 1000 V and high-voltage are 1000 V or more, Table 2 ). 5, 6 While theoretically, 220 V outlets (as seen in Europe) are more dangerous than 110 V (US), because the current intensity is doubled, in practice, when the voltages are relatively close, the main determinant of electrical injury severity remains the resistance (Ohm's law [I = V/R]).
The human body has an average internal resistance of about 500 Ohms; however significant variations are present in different tissues. Skin, bone, and fat have a higher resistance to electricity, usually provoking increases in temperature and coagulation, whereas nerves and blood vessels present relatively low resistance, conducting electricity readily. 7 The skin has a wide range of resistance to electricity and plays the crucial role of 'gatekeeper' when the body is exposed to electricity. Dry skin, whose resistance varies from one individual to another but is often between 40 000 and 100 000 ohms, may suffer 
Epidemiology
Although electricity is a relatively recent invention, humans have always been exposed to electrical injuries caused by lightning. The discovery and widespread use of electricity in the mid-1800s made electrical injuries a common problem at work or at home, with the first electrical fatality recorded in 1879 in a French carpenter, caused by an alternating current of 250 V from a dynamo. 9 The exact number of electrical accidents remains challenging to estimate precisely, because a variable proportion of them do not end in medical consultation or hospitalization. The age distribution of patients who are electrocuted is bimodal; the first peak occurring in children younger than 6 years of age, mainly in household accidents ('finger in the socket'), 10 and the second occurs in adolescence and in young adulthood, involving more frequently high voltage currents.
In the Unites States, approximately 4400 victims are significantly injured by electrical hazards and 400 people die of exposure to electricity annually. 1 Approximately ten percent of these are estimated to be cases of lightning strike (data from the U.S. Bureau of Labour Statistics). Although decreasing, electrocution still represents the seventh cause of occupational fatalities, mainly in the construction industry and high voltage power line men. 11 Patients surviving electrical shock represent 3-6% of approximately 100 000 patients admitted to specialized burn units annually. 6 
Cardiovascular effects
When the chest is situated along the path that connects the entrance and exit points, the heart is often affected because the electric current actually follows vascular axes, which present the lowest resistance (along with nerves). Horizontal (hand to hand) as well as vertical current passages (hand to foot or head to foot) can thus lead to cardiac injury. 12 The two major cardiac complications of electrical shock are arrhythmias and myocardial tissue injuries.
Arrhythmias
Arrhythmias are the most common cardiac complication of electric injury. [13] [14] [15] The relative small size of the majority of studies do not allows to provide reliable estimates of incidences; while some of them have reported rates varying widely from a few percentage points to almost 40%, a recent larger study has recorded significant arrhythmias in only 3% of monitored patients. 16 The most frequent arrhythmias are sinus tachycardia and premature ventricular contractions, but atrial fibrillation and ventricular tachycardia or fibrillation have been reported ( Figure 3 , Panels A and B). 17, 18 While exposure to high-voltage (like lightning) or direct current will most likely cause ventricular asystole, even low-voltage alternating current can cause sudden cardiac death by ventricular fibrillation. In a canine model, ventricular fibrillation occurred nine times more often with alternating current than with direct current shocks. 19 The frequency of 50-60 cycles per second (Hertz), used in most household and commercial sources of electricity, increases the likelihood of heart exposure to the current during its vulnerable period, a kind of 'R-on-T phenomenon', triggering fibrillation. 20 Most arrhythmias occur soon after the electrical shock, but delayed ventricular arrhythmias have been also reported. Jensen et al. 21 identified delayed arrhythmias 8-12 h after the accident in three cases: one received 3000 V direct current whereas the other two cases were domestic injuries and received 380 and 220 V shocks. In all these cases, the electrical current passed through the thorax (arm to arm shocks). One had recurrent ventricular fibrillation, one had ventricular tachycardia, and one had ventricular parasystole. The mechanism behind electrically induced cardiac arrhythmias is not entirely understood but biopsies reported arrhythmogenic foci in patchy myocardial fibrosis with increased numbers of Naþ and Kþ pumps, potentially associated with transient and localized changes in sodium and potassium transport as well as concentrations with resultant changes in membrane potential. As a consequence, arrhythmias can be triggered by these areas of repolarization heterogeneity, with possible abnormal enhanced automaticity or afterdepolarization and triggered activity several hours after the injury. 22 Furthermore, if necrotic areas/scars 
Myocardial injuries
Heart muscle damage can result from the direct effects of electric current (electrothermal conversion and electroporation), but several other mechanisms have been described. Myocardial infarction by coronary spasm or thrombosis, myocardial contusion by cardiopulmonary resuscitation with subsequent haematoma formation in small coronary arteries, extensive catecholamine release mediated injuries and coronary blood flow reduction secondary to generalized severe hypotension compromising myocardial perfusion have all been proposed ( Figure 4) .
23-25
The diagnosis can be challenging, because chest pain is frequently absent, and the injury may manifest only as non-specific changes in the electrocardiogram (ECG, in particular ST segment and T wave abnormalities or transient QT prolongation, Figure 3, panel A) . In case of coronary artery damage or spasm, classic clinical symptoms or ECG patterns of myocardial infarction can be present, including ST segment elevation or appearance of Q waves. 23 The right coronary artery seems more vulnerable in this setting, due to its relative proximity to the chest surface. 26 A coronary angiography must thus be performed if there is any doubt as to the possibility of underlying coronary artery disease, although myocardial infarction with normal coronary angiogram has also been described. 24 Anecdotally, transient
Brugada patterns in ECG have been reported in patients after an electric shock. 27, 28 Furthermore, although creatine kinase-MB subfraction elevations are frequent in these patients, their significance in this context is unknown due to the oft-associated peripheral muscle necrosis, while the specificity of troponins has not been evaluated sufficiently in this setting. Abnormalities on echocardiography or cardiac MRI (such as hypokinesia or fibrosis, Figure 3 , Panel C) can indicate myocardial damage, but heart failure with reduced ventricular ejection fraction is rarely reported. 29 Although cardiac function usually returns to normal, cardiac abnormalities may sometimes persist.
30,31
Other complications
Conduction disturbances, like sinus bradycardia or standstill, bundlebranch blocks or various degrees of atrioventricular blocks can occur following electrical shocks. 32 Indeed, electrical injuries seem to have a predilection for the sinoatrial and atrioventricular nodes. 26 The reason for this vulnerability remains unclear. It has been hypothesized that the sinoatrial and atrioventricular node ion channels are the easiest to disrupt and that ischaemia and infarction in the right coronary artery distribution (running closest to the chest surface and supplying both nodes) make the nodes more vulnerable to electrical current. 1, 26 Interestingly, conduction pathway injuries secondary to an electric shock underlie the development of ablative techniques since the description of the first fulguration, in 1979, where an external shock had accidentally induced a total atrioventricular block due to 33 Due to its high water content, the vascular bed is an excellent conductor. Vascular damages are usually associated with high voltage electric shock and preferentially affect small vessels. Large arteries are not acutely affected because their rapid flow allows them to dissipate the heat produced by the electric current. However, they are susceptible to medial necrosis, with aneurysm formation and rupture at a later point of time. Vascular dissection can also be responsible for secondary haemorrhage. Arterial intimal damage in smaller vessels can be immediate or delayed up to several weeks, and may result in partial or complete thrombosis and occlusion, resulting in necrosis. 34 Lastly, vascular injuries in the extremities are very likely to cause compartment syndromes that further compromise the circulation. Other cardiac manifestations reported include haemorrhagic pericarditis, transient arterial hypertension and transient autonomic dysfunction. 35 
Pathologic findings
Histologically, the main features are non-specific: widespread areas of band necrosis, predominating along the conduction system, and focal degeneration of smooth muscle fibres with apparent contracture within the tunica media of both large and small coronary arteries. 26 Chronic myocardial abnormalities such as fibromuscular dysplasia or fatty infiltration have also been observed at autopsy, suggesting prior unrecognized cardiomyopathy which could enhance vulnerability to cardiac arrest, with the electrical injury acting as trigger. Furthermore, myofibre break-up has been proposed as the most specific finding on microscopic heart examinations. 36 
Extracardiac injuries
Electrical energy is capable of damaging most organs, depending on current intensity and pathway, which could lead to a life-threatening clinical state.
Extensive cutaneous burns are a common complication and can cause dehydration, infection, or multiple organ failure. Because the resistance of the skin may be markedly altered by moisture, electric current may be transmitted to deeper tissues before it causes significant damage to the skin. Thus, in contrast to burns caused by fires, the severity of the skin burns cannot be used to assess the degree of internal injury in an electrical accident. 37 A respiratory arrest can occur immediately following electrical shock from inhibition of the medullary respiratory centre in the brain or prolonged paralysis or tetanic contraction of the diaphragm or other respiratory muscles. Parenchymal lung damage is really rare but thermal burns of the airways or inhalation of toxic fumes and hot debris may occur. 2 Electrical shock can damage the central and peripheral nervous system, with various non-specific clinical findings. 38, 39 Such patients may have fixed and dilated pupils (due to reversible autonomic dysfunction); characteristics that should not lead to termination of resuscitation efforts. 40 Bone has the highest electrical resistance and experiences the most severe electrothermal injuries, which can result in osteonecrosis. Violent muscular contractions or injury due to falls can cause fractures or luxations. 41 Oedema formation and tissue necrosis may lead to the compartment syndrome and rhabdomyolysis. 42 Among other organ systems that may incur significant damage due to electrical injury, the kidneys are of particular importance. Although direct injury from electric current is unusual, the kidneys are very susceptible to anoxic/ischaemic injury that accompanies severe electrical injury, and muscle necrosis may cause myoglobin release leading to renal failure by tubular precipitation. 43 
Management General rules
Before attempting to provide medical care, turning off the current source to prevent a further accident/injury should be the first step. 
Next, the management is mainly symptomatic. Immediate resuscitation of young victims in cardiac arrest from electrocution can result in long-term survival and successful complete recovery has been reported even after prolonged life support. 44 Thus a prompt, aggressive, and prolonged resuscitation attempt is warranted in witnessed accidents. 45 Any victim of a severe electrical accident should be assumed to have a spinal cord injury and should be managed with proper head and neck immobilization. Entry and exit points have to be looked for to evaluate the current pathway and thus estimate potentially damaged organs, but they are sometimes not discernible, in particular when the skin is wet with a lowered resistance. In case of extensive burns, the patient must be admitted in a specialized burns unit with dedicated surgical care such as skin graft or fasciotomy. Even when low blood pressure is not present, intravenous hydration is usually desirable to compensate for increased fluid requirements due to fluid extravasation into third space compartment and fluid losses and to prevent renal shut down secondary to myoglobin precipitation. 46 Cardiac monitoring Figure 5 proposes a practical algorithm based on recommendations and an analysis of the literature. 2, 6, 44 In an apparently healthy patient, without extensive burns or other life-threatening injury, the key issue is assessment of the risk of occurrence of serious cardiac arrhythmias, which requires ECG monitoring in an intensive care unit. Although only small numbers of observational studies have specifically addressed this point, there is general consensus that in case of low-voltage injuries and absence of history of loss of consciousness or initial cardiac arrest, as well as a normal ECG at admission, the risk of significant arrhythmias is quite low. [47] [48] [49] [50] Some authors however, suggest to monitor patients with prior known heart disease, as a precaution, although a higher risk has not been demonstrated. 44 Similar results have also been reported in paediatric patient series, [51] [52] [53] mostly in children up to 6 years, without major differences in injury type or prognosis reported by age; and with high-voltage injuries, 37, 54, 55 though in the latter situation, larger studies are necessary to be able to discharge such patients home from the emergency room with a reasonable degree of confidence. Thus, it is crucial to obtain an initial ECG on all patients with an electrical injury, regardless of the voltage involved. Overall, the duration of cardiac monitoring is not well established, with insufficient evidence to formulate guidelines, but most authors recommend monitoring for at least 24 h after the injury or after resolution of arrhythmias. 2 Indeed, as already discussed, transient repolarization changes and premature contractions can potentially trigger arrhythmias even several hours after the injury. 21 Concerning the helpfulness of cardiac enzymes for myocardial injury evaluation or for rhythm risk stratification, data indicate that creatine kinase-MB is an unreliable marker, with inadequate sensibility and potential confounding by peripheral skeletal muscle injury. 30, [56] [57] [58] No significant study exists regarding the utility of troponin in these clinical situations. Nevertheless, the widespread availability of troponin level measurement in the emergency departments and its greater cardiac specificity represents a potential promising tool in the future to aid decisions regarding patient management. Although there is a need for further studies and no clear recommendation can be established at this time due to the absence of sufficient evidence, it seems reasonable to monitor patients with a significant troponin rise, reflecting myocardial damage with possible arrhythmias susceptibility, and to investigate them with at least an echocardiogram.
Patients implanted with cardiac electronic devices are exposed to specific hazards. An electric shock, similar to an external cardioversion, may damage system integrity and therefore pacemakers and defibrillators should be interrogated in the event of an electric injury. 59, 60 The electric noise can potentially lead to device inhibition Figure 5 Practical algorithm for apparently healthy patient management after electric accident.
*Despite the limited level of scientific evidence, it appears reasonable to systematically offer a cardiac monitoring (at least 24-h) to patients with significant troponin elevation, given its high cardiac specificity. in pacemaker-dependent patients, asynchronous pacing, and inappropriate therapies in patients with defibrillators. However, it has been reported that 'noise reversion' algorithms could avoid inappropriate device shock during electrical accident, 61 and that in fact, sudden death could be prevented by appropriate termination of ventricular fibrillation initiated due to the electrical event, in patients carrying an implantable cardioverter defibrillator (ICD). 62 Although mostly necessary, internal ICD shocks represent a potential source of therapeutic electrical cardiac injuries, 63 with troponin elevations and fibrosis adjacent to defibrillation leads reported, while external cardioversion does not seem to cause significant heart damage. 64 In the pregnant patient, electrical or lightning injury carries the additional risk of complications to the pregnancy or the foetus. Foetal injury and death have been described following minor electrical injuries to pregnant women, however, the causal relationship has been questioned. In view of the small number of cases described, the real risks are unknown. [65] [66] [67] [68] Spontaneous abortion following electrical accident has been reported with frequency ranging widely from 6-73%. Considering this poor and inhomogeneous medical literature, a watchful attitude with hospitalization for foetal cardiac monitoring seems reasonable.
Finally, an individualized management strategy for long term followup needs to be implemented, depending on initial clinical findings (arrhythmias, myocardial damage. . .). Physical examination, ECG, and if necessary Holter-ECG, echocardiography, or occasionally cardiac MRI could be required depending on the specific scenario.
Prevention
Ultimately, the best 'treatment' for electrical injuries remains prevention. Concerted efforts are essential for preventing work-related accidents in exposed occupations and home accidents involving children. Many recommendations exist for prevention of occupational injuries. The first goal is to avoid hazardous contact with electricity by implementing workplace safety instructions with respect to equipment safety guidelines, periodic checks of electrical installations, deenergizing power lines before beginning work, following required clearance distance from power sources and training in hazard recognition. Secondly, in case of an accident, the amount of electrical current passing through the body has to be minimized as far as possible by measures to enhance resistance (both to the current source and to the ground). Examples include using flame retardant protective clothing, non-conductive ladders or insulating blankets, and by automatic power outage mechanisms (circuit breakers, fuses, and security residual current devices). Finally, standardized response measures and optimized incident management by training and availability of resuscitative equipment as well as other preventive measures are important (mock drills, cardiopulmonary resuscitation training, proximity warning devices, widespread availability of defibrillators in public places). 69 For domestic cases, electrical installations must comply with modern safety standards. Education in general and especially education and supervision of young children are also indispensable. 10 Utilization of socket cover, removal of bare wiring and avoidance of using electrical appliances with wet skin are essential preventive steps. The protection currently offered by many modern electrical facilities (like circuit breakers) limits the exposure time and the intensity of current transmitted, resulting most often in harmless accidents. Information campaigns are crucial to foster a better understanding of the risks involved as well as the right approach to adopt in such cases.
Conclusions
Depending on a wide range of factors, although electrical injuries are most of the time benign, 16 they could be life-threatening in case of extensive burns or internal organ damage. The main risk in the apparently healthy patient is sudden death due to cardiac arrhythmias, 70 requiring at the minimum assessment by a doctor with physical examination and ECG. Discharge to home from the emergency room could be allowed in case of low-voltage electric shock in the absence of ECG abnormality, but cardiac monitoring in intensive care unit for at least 24 h is recommended in other patients. The second main cardiac complication is myocardial injury, where the diagnosis could be challenging but most of the time reversible, with studies needed to assess the potential role of troponin measurement for patient management. Finally, considering that electrical injuries are often avoidable, preventive measures should be emphasized and it seems that the best way to manage electrical injuries can still be summarized by the old saying: 'One ounce of prevention is worth a pound of cure'. Public education regarding electrical safety and safe use according to specifications of electric equipment at home and at work are the best means of eliminating mortality and minimizing the morbidity of electrical injuries.
